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ABSTRACT
New time-resolved optical spectroscopic echelle observations of the nova-like cataclysmic
variable RW Sextantis were obtained, with the aim to study the properties of emission features
in the system. The profile of the Hα emission line can be clearly divided into two (‘narrow’
and ‘wide’) components. Similar emission profiles are observed in another nova-like system,
1RXS J064434.5+33445, for which we also reanalysed the spectral data and redetermined the
system parameters. The source of the ‘narrow’, low-velocity component is the irradiated face
of the secondary star. We disentangled and removed the ‘narrow’ component from the Hα
profile to study the origin and structure of the region emitting the wide component. We found
that the ‘wide’ component is not related to the white dwarf or the wind from the central part
of the accretion disc, but is emanated from the outer side of the disc. Inspection of literature
on similar systems indicates that this feature is common for some other long-period nova-like
variables. We propose that the source of the ‘wide’ component is an extended, low-velocity
region in the outskirts of the opposite side of the accretion disc, with respect to the collision
point of the accretion stream and the disc.
Key words: binaries: close – binaries: spectroscopic – stars: individual: RW Sextantis – stars:
individual:1RXS J064434.5+334451 – novae, cataclysmic variables.
1 INTRODUCTION
Cataclysmic variables (CVs) are interacting binaries comprised of a
white dwarf (WD) as the primary and a late-type (K–M type) main-
sequence star or a brown dwarf as the secondary (Warner 1995).
The secondary star fills its Roche lobe and loses matter via the in-
ner Lagrangian point L1. Infalling matter forms an accretion disc
around the WD unless its magnetic field is strong enough to prevent
this. In CVs with low mass-transfer rates M˙ < 10−9M⊙, known
as dwarf novae (DNe), the accretion disc is usually in the low tem-
perature and surface density state (quiescence). Every once in a
while, the accretion disc builds up by increasing both the tempera-
ture and the surface density reaching the thermal instability, which
results in regular outbursts. Nova-like variables (NLs) in contrast to
DNe are CVs that do not display such eruptive activity. The mass-
transfer rate in NLs is estimated to be M˙ & 10−9M⊙ (Warner
1995) which allows their discs to remain in a high state most of the
time. Spectrally, they resemble DNe in outbursts. They are found to
have orbital periods longer than & 2 hours. Historically, NLs that
do not exhibit magnetic characteristics are also called UX UMa-
type stars.
The optical spectra of NLs have a blue continuum and show
a wide range of appearances, from pure absorption-line spectra
to pure emission-line spectra. In some objects, the emission lines
are embedded in broad absorption troughs. A typical NL spec-
trum usually shows a set of Balmer, He I and He II lines, and also
the Bowen blend of fluorescence lines and weak absorption lines
of metals. The profiles of emission lines in the optical range are
usually single-peaked regardless of the system’s inclination. This
is in contrast to DNe, where emission lines are practically al-
ways double-peaked in high-inclination systems. The UV spectra
of NLs exhibit P Cygni profiles of emission lines, implying the
presence of a strong high-velocity wind (∼3000 km s−1, see, e.g.
Noebauer et al. 2010) in the inner part of the accretion disc.
Many NLs show long-term brightness variations on different
time-scales. The most outstanding behaviour is observed in VY Scl
stars (or ‘anti-dwarf novae’), whose light curves display occasional,
unpredictable low states of ∼1–6 mag for several weeks or even
years. There is also another large group of systems, called SW Sex
stars (Thorstensen et al. 1991), which is distinguished from the rest
of NLs by common properties. The SW Sex stars are mostly con-
centrated in the ∼3–4 h orbital period range. Most of them are
deeply eclipsing systems, showing odd V-shaped eclipse profiles
and simple single-peaked emission lines. They also show a dis-
tinct phase shift between the eclipse and the zero phase of the
radial-velocity curve, high-velocity emission S-waves with maxi-
c© 2015 The Authors
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mum blueshift near phase∼0.5 and transient absorption dips in the
emission lines around phase 0.4–0.7.
In order to explain the appearance of single-peaked emission-
line profiles in high-inclination CVs, a number of mechanisms have
been widely discussed in the literature (see e.g. Dhillon et al. 1997).
In this paper, we make a new attempt to probe the formation of such
lines, based on high-resolution spectroscopy of two long-period
NLs, RW Sextantis and 1RXS J064434.5+334451, for which hints
of a multicomponent structure of emission lines in low-resolution
spectra have been reported.
RW Sex is a relatively bright CV (V∼10.6 mag) with an or-
bital period of Porb = 0.24507 d (Beuermann et al. 1992). The
optical spectrum of RW Sex shows broad Balmer absorption
lines with multicomponent emission cores, and weak He II and
C III/N III emission lines (see Fig. 1). Based on phase-resolved
spectroscopy, Beuermann et al. (1992) provided estimates of the
RW Sex component masses and the orbital inclination: M1 =
0.84M⊙ , M2 = 0.62M⊙ , i = 34
◦
± 6, and the mass ra-
tio q ≡ M2/M1 = 0.74. They also estimated the distance to
the system of 150 pc. This is inconsistent with the Hipparcos
parallax of 3.46±2.44 mas (Perryman et al. 1997), which corre-
sponds to a distance of 289+689
−119 pc. The mass-transfer rate is es-
timated at M˙ = (0.3 − 1.0) × 10−8 M⊙ yr
−1 (Linnell et al.
2010; Vitello & Shlosman 1993; Greenstein & Oke 1982). Ul-
traviolet observations show P Cyg profiles of emission lines
(Greenstein & Oke 1982; Prinja et al. 2003), indicating the pres-
ence of a hot, fast (up to 4500 km s−1) wind from the innermost
portions of the disc. Linnell et al. (2010) analysed Far Ultravio-
let Spectroscopic Explorer, Hubble Space Telescope and Interna-
tional Ultraviolet Explorer spectra of RW Sex and found the fol-
lowing system parameters:M1 = 0.9M⊙,M2 = 0.67M⊙ , M˙ =
2.0 × 10−9M⊙ yr
−1, i = 34◦, TWD=50 000K. Coppejans et al.
(2015) reported the Very Large Array radio detection of RW Sex.
The object showed non-variable flux of ∼33.6 µJy beam−1 in the
range of 4226–8096 MHz with a spectral index of α = −0.5± 0.7
(F = να), and probably of non-thermal origin. A compilation
of available infrared data from the Two-Micron All-Sky Survey,
Spitzer and the Wide-field Infrared Survey Explorer was reported
by Hoard et al. (2014) who discussed the possible origin of the
infrared excess in terms of emission from bremsstrahlung or cir-
cumbinary dust, with either mechanism facilitated by the mass out-
flows (e.g., disk wind/corona, accretion stream overflow, etc.) pre-
sented in NLs.
1RXS J064434.5+334451 (V∼13.3 mag) was discovered by
Woz´niak et al. (2004) in the Northern Sky Variability Survey.
Sing et al. (2007) reported this object as a deep eclipsing CV
with the orbital period of Porb = 0.26937d and derived the phys-
ical parameters of the system, such as the WD mass M1 =
0.66M⊙ , the mass ratio q = 0.78 and the WD temperature
TWD∼25 000 K. They classified the system as a NL CV of the
UX UMa-type or the SW Sex-type. Hernández Santisteban (2012),
Echevarria (2015), and Hernández Santisteban et al. (2017) re-
cently reported new time-resolved photometry and echelle spec-
troscopy of 1RXS J064434.5+334451. They constructed Doppler
maps of the system in the Hα, Hβ, and He II 4686 emission lines
and refined system parameters based on the obtained data. The WD
withM1 = 0.82 ± 0.06M⊙ and the mass ratio q = 0.96 ± 0.05
were proposed assuming the system inclination of i=78◦ ± 2 in
Hernández Santisteban et al. (2017) that is in a disagreement with
Sing et al. (2007) and their own recent estimations:M1 = 0.91 ±
0.04M⊙ , q = 0.91±0.09 from Hernández Santisteban (2012) and
M1 = 0.76 ± 0.04M⊙ , q = 0.75± 0.1 from Echevarria (2015).
Table 1. Log of RW Sex spectroscopic observations. Echelle denotes the
REOSC echelle spectrograph and B&Ch denotes the long-slit Boller and
Chivens spectrograph.
Date HJD start Number Exposure Duration
DD/MM/YYYY +2450000 of exp. (s) (h)
Echelle
13/01/2015 7036.03109 3 900-1200 0.9
14/01/2015 7036.83745 10 900 2.5
15/01/2015 7037.83663 10 900-1200 2.8
16/01/2015 7039.00118 6 900 1.5
17/01/2015 7039.79971 15 900 3.7
18/01/2015 7040.79247 15 900 3.7
19/01/2015 7041.79253 14 900 3.5
23/03/2016 7470.83605 3 1200 1.0
24/03/2016 7471.78651 6 1200 2.0
25/03/2016 7472.77510 7 1200 2.3
26/03/2016 7473.80031 6 1200 2.0
27/03/2016 7474.77762 6 1200 2.0
27/03/2016 7475.78476 8 1200 2.7
B&Ch
19/01/2016 7406.85160 1 1200 0.33
18/01/2016 7407.87406 2 1200 0.66
10/02/2016 7428.79462 20 300 1.65
30/03/2016 7477.64920 31 900 5.7
Regardless of different inclination angles, the Doppler maps
of Balmer lines of 1RXS J064434.5+334451 and RW Sex are
very similar. The Hα profile appears to have multiple but iden-
tical components in both objects. Therefore, we analyzed the
profiles of intense emission lines of both objects side by side
in order to understand the origin and the sources of their con-
stituent components. Moreover, we also redetermined the sys-
tem parameters of 1RXS J064434.5+334451 based on the avail-
able time-resolved photometry and eclipse profile fitting. In this
study, we used new observations of RW Sex and the original
data of 1RXS J064434.5+334451 obtained and kindly provided by
Hernández Santisteban et al.
This paper is structured as follows. In Section 2, we describe
our spectroscopic observations of RW Sex and the corresponding
data reduction. In Section 3, we present an analysis of emission-
line profile components based on Doppler tomography of RW Sex.
In Section 4, we revisit 1RXS J064434.5+334451 to determine the
system parameters and to reanalyse its Doppler maps. The general
discussion of obtained results and their application to NL systems
of similar orbital periods follows in Section 5. Our conclusions are
presented in Section 6.
2 OBSERVATIONS AND DATA REDUCTION
The spectroscopic data of RW Sex were obtained using the echelle
REOSC spectrograph (Levine & Chakarabarty 1995) attached to
the 2.1-m telescope of the Observatorio Astronómico Nacional at
San Pedro Mártir (OAN SPM)1, Mexico. The echelle spectrograph
provides spectra spread over 27 orders, covering the spectral range
∼3500–7105 Å with the spectral resolving power of R≈18000. A
total of 73 echelle spectra were obtained during seven consecutive
nights in 2015 and 36 spectra in 2016. A Tr-Ar lamp was used for
1 http://www.astrossp.unam.mx
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Figure 1. The flux-calibrated (bottom) and continuum-normalized (top) medium-resolution spectra of RW Sex. The spectral features are marked.
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Figure 2. An example of the high-resolution Hα profile of RW Sex (top
panel), the result of a double-Gaussian fit to the profile (middle panel) and
the residuals between the observed and calculated profiles (bottom panel).
The underlying broad absorption component was removed by continuum
normalisation.
wavelength calibration. The spectra were reduced using the echelle
package in IRAF2. The medium resolution (∼1.15 Å pix−1) spec-
tra were obtained using the same 2.1-m telescope and the Boller
2 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
and Chivens (B&Ch) spectrograph. Standard procedures, including
bias and flat-field correction, cosmic ray removal, wavelength and
flux calibration were applied using the corresponding tasks in IRAF.
The log of observations is given in Table 1.
Spectra of 1RXS J064434.5+334451 were obtained by
Hernández Santisteban (2012) and Hernández Santisteban et al.
(2017) using the same instrument/telescope set-up as in the case
of RW Sex, at the same observatory. Moreover, they obtained the
time-resolved photometry of the object with the 1.5-m telescope
also located at OAN SPM. The full description of those obser-
vations and data reduction has been presented in previously cited
publications. Only the Hα order of echelle spectra was used in our
following analyses.
3 THE SPECTRUM, BALMER EMISSION LINES AND
DOPPLER TOMOGRAPHY OF RW SEX
Fig. 1 shows the medium-resolution spectrum of RW Sex. The
spectrum has strong broad Balmer absorption lines with multicom-
ponent emission cores that are clearly visible in Hα and partly vis-
ible in Hβ, and there is a hint of emission in Hγ. Higher Balmer
series lines show only absorption profiles. There are also He I 4026,
4144, 4388, 4471, 4922, 5015, 5876 and very weak Fe II 5169,
5276, 5316 absorption/emission lines. The high-excitation lines
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Figure 3. The observed and reconstructed trailed spectra and the corresponding Doppler maps (from the left to right columns) of the Hα and Hβ emission
lines of RW Sex. The two upper rows show unaltered observed lines, while the bottom row shows the Hα line after the subtraction of the ‘narrow’ emission
component. Indicated on the maps are the positions of the Roche lobe of the secondary (upper bubble with the cross), the centre of mass of the binary (middle
plus symbol) and the WD (lower cross). The trajectory of the gas stream and the Keplerian velocity of the disc along the stream are also shown in the form of
the lower and upper curves, respectively. The circle in the Doppler maps shows the tidal limitation radius rd(max) of the accretion disc. All the marks are
plotted forM1 = 0.84M⊙, i = 34
◦ and q = 0.74. The ‘narrow’, wide and third component of emission lines are denoted in one of the panels by respective
numbers.
of He II 4686 and the C III/N III 4634–4651 blend are detected
in emission. Also, the spectrum shows a relatively strong emis-
sion bump centred at ∼5830 Å, which is probably a blend of C III
5827 and the C IV lines at 5801 and 5812 Å, and possibly of other
highly excited lines blueward of He I 5876. These lines are very un-
common for CV spectra, their detection in this wavelength region
has been reported only for a few CVs (see, e.g., Neustroev et al.
2017). The continuum in a wide optical range can be described by
a power law Fλ ∼ λα, where α = −3.08 ± 0.01 is steeper than
αst = −2.33 adopted for the standard disc model (Lynden-Bell
1969).
Fig. 2 shows an example of a high-resolution (R≈18000) pro-
file of the emission core of Hα. The profile has a complex structure
consisting of at least two distinct variable components, which are
clearly visible in trailed spectra of Hα and Hβ (Fig. 3, left-hand
panels). One of these components looks strong and narrow, and it
exhibits low-amplitude radial-velocity variations (.100 km s−1),
MNRAS 000, 1–?? (2015)
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Figure 4. Bottom: the averaged spectrum of RW Sex in the 5270–5350 Å wavelength range, uncorrected for orbital motion. Top: the trailed spectrum of the
Fe II 5316 Å line (left) and the corresponding Doppler map (right). The symbols on the Doppler map are overplotted in the same way as for Fig. 3.
Table 2. Parameters of the Gaussian components of the Hα emission core.
Emission A ≡ V sin(i) V I/Ic FWHM ϕ0
component ( km s−1) ( km s−1) (phase)
RW Sex i = 34◦
Narrow (1) 50.3 89.9 0.19 172.1 0.00
Wide (2) 164.6 294.4 0.14 484.4 0.43
1RXS J064434.5+334451 i = 74◦
Narrow (1) 68.6 71.4 0.22 216.6 0.00
Wide (2) 297.1 309.1 0.46 1379.9 0.42
while the other seems weaker and wider and shows significantly
larger radial-velocity variability (≈200–250 km s−1).
We used Doppler tomography (Marsh & Horne 1988) to map
the Hα and Hβ lines using our high-spectral-resolution observa-
tions (Fig. 3, two upper lines). The orbital zero phase was selected
following the interpretation of Beuermann et al. (1992) that the nar-
row component of Hα is a ‘chromospheric’ emission from the ir-
radiated hemisphere of the secondary facing the accretion disc. It
corresponds to the strongly concentrated emission inside the Roche
lobe of the secondary star on the Doppler maps. In addition, the
maps show a sign of an extended emission area on the bottom of
the tomograms. This area corresponds to the ‘wide’ component of
emission lines.
In order to study the structure of the wide emission compo-
nent, we fitted the Hα profiles with a sum of two Gaussians, de-
noted here as ‘narrow’ and ‘wide’. They are characterized by the
peak intensity I and the full width at half-maximum (FWHM), and
their radial velocities depend on the orbital phase
v = γ − A× sin [2pi(ϕ− ϕ0)] , (1)
where γ is the systemic velocity, A is the semi-amplitude of the
radial-velocity variation and ϕ is the orbital phase calculated rela-
MNRAS 000, 1–?? (2015)
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Table 3. Parameters of 1RXS J064434.5+334451 from the eclipse mod-
elling. Numbers in parentheses are adopted uncertainties of the fit (see the
text). Widthspot(rout) is fixed.
Parameter Value Parameter Value
System Disc
M1(M⊙) 0.73(7) rout/a 0.33
M2(M⊙) 0.58 hout/rout 0.15(5)
q 0.80(2) γdisc 1.0(5)
i (◦) 74.0(3) EXP 0.22(2)
T2 (K) 4250(200)
R1 (R⊙) 0.0105 Hot spot
R2 (R⊙) 0.691
a (R⊙) 1.92 φmin (
◦) 12.4
M˙ (×10−8M⊙/yr) 0.15–1.5 φmax (
◦) 42.4(15)
distance (pc) 390–800 widthspot (rout) 0.05
tive to epoch T0 = HJD 245 7036.83486. Phase zero ϕ0 is defined
by the blue-to-red crossing of the corresponding emission compo-
nent. The narrow Gaussian was fitted to the Hα profile in individ-
ual spectra wherever it was feasible because at some phases the
‘narrow’ and ‘wide’ components are indistinguishable. The mean
parameters of both the Gaussian components were deduced as the
average of individual fits and presented in Table 2. We then sub-
tracted the average ‘narrow’ component from the observed profiles
and calculated the Doppler map of the ‘wide’ component (Fig. 3,
bottom panels). The tomogram does not show the usual ‘doughnut’
structure commonly observed from accretion discs. There is also no
evidence for the gas stream/disc impact region emission. Instead, it
displays an extended, asymmetric region of emission, mostly con-
centrated in the bottom half of the map in its lower-right quadrant.
The brightest area is located far from the position of theWD (Vx=0,
Vy≈–100 km s−1), but does not extend beyond ∼300 km s−1 on
the Doppler map. This is less than the minimal possible Keplerian
velocity of the accretion disc with the largest, tidally truncated ra-
dius, which can be estimated using equation (2.61) from Warner
(1995)
rd(max) = a
0.6
1 + q
, (2)
where a is the binary separation and q is the mass ratio. For the
adopted system parameters of RW Sex (M1=0.84 M⊙, i = 34
◦,
q = 0.74), the minimal Keplerian velocity of the largest disc is
about 250 km s−1, denoted in Doppler maps by the circle. Because
the Keplerian velocity inside of the disc is higher than at the tidal
limitation radius, the accretion disc in Doppler maps must always
be located outside of the circle. However, one can clearly see that
the emission from the ‘wide’ component is concentrated outside
the accretion disc.
The tomograms also show another emission region centred
at (Vx=100 km s−1, Vy≈350 km s−1). After the removal of the
‘narrow’ component, this additional, ‘third’ component is visible
more clearly in the trailed spectra and on the Doppler map. It
might be associated with a low contrast spiral tidal shock in the
outer parts of the accretion disc (Matsuda et al. 1990; Steeghs 2001;
Kononov et al. 2012).
We also explored the Fe II 5316 line (Fig. 4). It is centrally
placed in an echelle order and hence secures a better signal-to-
noise ratio (S/N ≈ 60) at the continuum level than other Fe II
lines detected in the spectra. In the summed spectrum, the line
shows a broad absorption profile with a relatively strong emission
core (Fig. 4, bottom panel). Although the line is noisy in individual
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Figure 5. A schematic model of 1RXS J064434.5+334451. See description
in the text.
spectra, it is easily traced in the trailed spectrum (Fig. 4, top-left
panel), allowing us to construct a decent Doppler map (Fig. 4, top-
right panel). The tomogram shows that the emission component
emanates from the same source as the ‘narrow’ emission compo-
nent of Hα, which we identify as the heated face of the secondary
star. The absorption component seems to originate in the accretion
disc, close to the WD.
4 REVISITING 1RXS J064434.5+334451
The orbital periods of 1RXS J064434.5+334451 (0.2694d) and
RW Sex (0.2451d) are very close and the Doppler mapping anal-
ysis of the Balmer lines showed remarkably similar structures
of accretion flows in both systems. An additional advantage of
1RXS J064434.5+334451, compared with RW Sex, is the high in-
clination of the system with prominent eclipse. This allows us to
determine exactly the phase 0.0 of the system and make an effort to
identify the definite locations of emission-line sources. However, as
we already noted, the system parameters determined by Sing et al.
(2007), Hernández Santisteban (2012), Echevarria (2015), and
Hernández Santisteban et al. (2017) for 1RXS J064434.5+334451
do not agree.. Moreover, we note that the system parameters
of Hernández Santisteban (2012) and Hernández Santisteban et al.
(2017) do not seem realistic because a secondary star with a mass of
M2≥0.79M⊙ , as it follows from their measurements, noticeably
exceeds its Roche lobe for the given orbital period, regardless of
whether it is on the main sequence or evolved3. This makes it diffi-
cult to determine the whereabouts of the sources of emission com-
ponents. Therefore, in subsection 4.1, we used another approach
to improve the system parameters. Unlike the previous attempts,
where only the dynamical constrains were considered, we rely on
the eclipse profile at the same time as radial velocities. We fitted the
combined V−band light curve of 1RXS J064434.5+334451 using
the same eclipse modelling technique as in Zharikov et al. (2013)
3 See the empirical radius-period relationship (2.101) of Warner (1995).
MNRAS 000, 1–?? (2015)
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and Tovmassian et al. (2014). Additionally, in section 4.2 we
also reanalyzed spectral data from Hernández Santisteban (2012);
Hernández Santisteban et al. (2017) with the using newly defined
system parameters to determine the location of the ‘wide’ emission
component source in 1RXS J064434.5+334451.
4.1 Eclipse modelling and system parameters of
1RXS J064434.5+334451
Light curves of 1RXS J064434.5+334451 in the V band and eclipse
profiles in the B, V and R bands were presented by Sing et al.
(2007, see their fig. 2) and Hernández Santisteban et al. (2017, see
their figs 5 and 6). During the eclipse, the flux of the object de-
creases by about ∼1.25 mag and the spectrum slope changes from
‘blue’ to ‘flat’. However, the Balmer emission lines do not dimin-
ish and they preserve their one-peaked shape (Sing et al. 2007, see
their fig. 3).
The modelling technique developed by Zharikov et al. (2013)
and Tovmassian et al. (2014) permits us to define parameters of a
binary system from an analysis of the eclipse light curve.
Fig. 5 shows a geometrical model used for the fitting. It is
composed of a concave accretion disc, a secondary star filling its
Roche lobe, a stream from the inner Lagrangian point and a hotspot
area of interaction between the gas stream and the disc, which is
located at the outer rim of the accretion disc. The concave accretion
disc is characterized by the outer radius rout, the opening angle
hout, as seen from the WD, and the slope γdisc, controlling the
vertical extension of the disc: h = hout(r/rout)γdisc . The outer
radius of the accretion disc rout was fixed at the tidal truncation
radius rd(max) (equation 2). We assume that the disc radiates as a
blackbody at the local temperature. The radial distribution across
the disc is given by the equation:
T (r) =
{
3GM1M˙
8piσr3
×
(
1−
[
R1
r
]1/2)}EXP
, (3)
where M1 and R1 are the mass and the radius of the WD, respec-
tively, M˙ is the mass-transfer rate,G is the gravitation constant and
σ is the Stefan–Boltzmann constant. The radial temperature gradi-
ent EXP in the standard accretion disc model is equal to 0.25
(Warner 1995, equation 2.35), but we allow it to slightly deviate
from this value, following to Linnell et al. (2010). The temperature
of the WD corresponds to the temperature of the inner edge of the
accretion disc T1 ≡ TWD = Tdisc,in . We used the mass–radius rela-
tionship for WDs from Warner (1995, equation 2.82). The vertical
extension and the temperature of the hotspot area linearly decline
from maximum values hs,max and Ts,max at the point φmin to mini-
mum values hs,min ≡ hout and Ts,min ≡ Tout at φmin, respectively
(see Fig. 5).
The surface of each system component is divided into a series
of triangles, and each triangle emits as a blackbody with the cor-
responding temperature. The total flux from the system is obtained
by integrating the emission from all non-occulted elements lying in
the view, and then folded with the response of a photometric filter.
Emission from the accretion stream is not taken into account. As
a result, the code allows us to calculate the light curve of the bi-
nary in a selected photometric band and radial-velocity curves for
all components (e.g., the primary or secondary star, the hot spot,
etc).
To fit the eclipse profiles of 1RXS J064434.5+334451, we var-
iedM1, q, M˙ , EXP , hout, γ, the temperature of the secondary T2
and the parameters of the hotspot with the aim to find the best co-
incidence
σmin =
√√√√ 1
N
N∑
i=1
(O − C)2 (4)
between the observed O and calculated C magnitudes in the
[−0.1; 0.1] range of orbital phases. The range was selected arbi-
trarily in order to exclude intrinsic disc variabilities (flickering),
which is not periodic and is stronger out of the eclipse. However,
we ensured that the flux outside of the [−0.1; 0.1] interval does not
exceed the observed.
The average V -band eclipse profile, the best fit and the resid-
uals are plotted in Fig. 6. Individual eclipses, which were used to
fetch the average profile and individual residuals, are also shown
as a grey background. We allowed reasonable 10 per cent uncer-
tainties to the fit because the scatter of magnitudes in the data is
about 0.1 mag. The obtained parameters of the best fit are given
in Table 3. The errors were obtained by a variation of each free
parameter while fixing the others at their best values. The derived
system parameters are close to those reported by Sing et al. (2007)
and Echevarria (2015), and they are not consistent with those of
Hernández Santisteban et al. (2017).
In particular, the radial-velocity semi-amplitude of the sec-
ondary star K2 = 191.6 km s−1, derived from our model, is in
agreement with the value 192.8±5.6 km s−1 obtained from obser-
vations (Sing et al. 2007).
By adopting the best-fitting value of M˙ = 0.8 × 10−8M⊙
yr−1, we determine the temperature of the outer edge of the accre-
tion disc to be about 8500 K and ∼55 000 K for the inner parts of
the disc. The hot spot is relatively compact, and its azimuthal exten-
sion is about 30◦. The highest temperature in the spot is∼10 500 K,
only ∼2000K hotter than the rest of the disc’s edge. However, the
maximal contribution of the hotspot to the total flux of the system
in the V band is only about 10 per cent immediately before the
eclipse. The contribution of the secondary star is insignificant dur-
ing all orbital phases. Even at the minimum, its flux is at least five
times lower than of the visible part of the disc.
The radial temperature gradient EXP = 0.22 is slightly
smaller than the standard value 0.25. Models with EXP = 0.25
always give a narrower eclipse profile, producing deviations not
only in the ingress and egress but also in the depth of the eclipse.
We note that a similar deviation from the standard model was re-
cently found for RW Sex by Linnell et al. (2010).
According to our model, the accretion disc is not totally
eclipsed. The top panel of Fig. 6 shows the system from the ob-
server’s point of view at the zero orbital phase. The stream, the L1
region, the WD and the central part of the disc around the primary
are eclipsed completely. Only external parts of the accretion disc
and space above> 0.2rout of the WD are unobscured. The temper-
ature of the visible, inner part of the disc during the eclipse is below
∼20 000K. While the brightness of the system falls over ∼ three
times at the bottom of the eclipse, the emission in Balmer lines re-
mains strong, resulting in an increase of equivalent widths (EWs),
as can be seen from the lower panel of Fig. 6. From the system ge-
ometry and the appearance of the Hα line during the eclipse, we
conclude that the Hα line forming region is located above or in the
outermost parts, or beyond the accretion disc.
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Figure 6. Top panel: a projection view of the 1RXS J064434.5+334451 model at orbital phases 0.0 (left) and 0.25 (right). Middle panel: the observed (averaged
and individual) and best-fitted V -band eclipse profiles (top) and the corresponding residuals (bottom). Bottom panel: EW variation of the Hα emission line
with orbital phase.
4.2 Emission-line components and Doppler tomography of
1RXS J064434.5+334451
We used the same method, described above, for the case of RWSex,
to separate the ‘narrow’ and the ‘wide’ component of Hα emission
in 1RXS J064434.5+334451. The resulting parameters of the fit are
presented in Table 2. In Fig. 7, we have reproduced the HαDoppler
map for the entire line (upper panels) as well as after subtraction
of the ‘narrow’ component (bottom panels). The ‘wide’ compo-
nent is concentrated in the lower-right quadrant of the tomogram at
(Vx∼200 km s−1, Vy∼–350 km s−1), but is extended from Vx∼–
400 to +400 km s−1 and from Vy∼–200 to –500 km s−1. These
velocities are significantly lower than expected at the tidal trun-
cation radius of the disc4, and thus the location of any emission
structures here is unexpected. This could suggest that this region is
also situated beyond the outer edge of the accretion disc.
Moreover, the values of radial velocities in Table 2 lead to a
very important conclusion: the respective radial velocities (RVobs)
4 For the adopted system parameters of 1RXS J064434.5+334451, the pro-
jected Keplerian velocity at the tidal truncation limit is ∼ 450 km s−1.
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Figure 7. Observed and reconstructed trailed spectra and the corresponding Doppler maps (columns from the left to right) of Hα of 1RXS J064434.5+334451.
The top panels show the observed, unaltered line, while the bottom row shows Hα after the subtraction of the ‘narrow’ component. The ‘narrow’ and ‘wide’
components of Hα are marked on the observed trailed spectrum by ’1’ and ’2’, respectively. The symbols on the Doppler maps are plotted forM1 = 0.73M⊙ ,
i = 74◦ , q = 0.80.
of each component are a function of the inclination angle A ≡
RVobs = V sin(i). Applying the best-estimated inclination angles
for each system, we obtain analogous velocities for both objects
Vnarrow ≈ 80 km/sec, and Vwide ≈ 300 km/sec, respectively. The
slightly spread of those values can be owned by the differences
in component masses in the systems and ambiguity of inclination
angle for RW Sex. This strongly supports the idea that the ‘wide’
component belongs to the orbital plane and does not originate in a
wind perpendicular to the accretion disc.
5 ACCRETION FLOW STRUCTURE IN LONG-PERIOD
NL SYSTEMS
It is widely accepted that NLs in a high state have a high mass-
transfer rate. As a result, they have hot (>
∼
10 000K), opticallythick
accretion discs in an almost steady state, which are expected to
produce broad absorption lines instead of emission lines, which is
common among other CVs in quiescence. Nevertheless, we rou-
tinely observe emission features in many NLs. Usually, these emis-
sions lines appear simply single-peaked in low-resolution spectra.
However, the Balmer line profiles in the high-resolution spectra of
two NL systems, RW Sex and 1RXS J064434.5+334451, are com-
plex and comprised of an absorption component from the optically
thick accretion disc, and of at least two emission components, la-
belled here as ‘narrow’ and ‘wide’. The ‘narrow’ component with a
low radial-velocity amplitude originates at L1 and/or the irradiated
surface of the secondary facing the disc. Meanwhile, the origin of
the ‘wide’ component is not clear. We summarize its main features
as follows.
(i) The radial velocity varies with the orbital period.
(ii) The orbital phase is shifted relative to the ‘narrow’ compo-
nent by about 0.43 (rotated clockwise on the Doppler maps).
(iii) Unlike the He II line, the ‘wide’ component is not related
to the WD (see the He II tomogram of 1RXS J064434.5+334451 in
Hernández Santisteban et al. 2017).
(iv) The wide component does not disappear during eclipses.
(v) The spot created by the wide component on the Doppler
maps appears to be identical for both the low- and the high-
inclination systems.
(vi) The shape and large size of that spot on the Doppler maps
indicates strong velocity dispersion of the forming region.
In order to examine how unique such a structure is, we vi-
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sually inspected the available Doppler maps and/or trailed spectra
of non-magnetic NL systems with orbital periods longer than 4 h.
Unfortunately, although the current edition of the Ritter & Kolb
(2003) catalogue (update 7.24, 2016) lists more than 35 such
NLs, only about a quarter of them were studied spectroscopically.
However, we found that most of them are high-inclination eclips-
ing systems exhibiting, similarly to 1RXS J064434.5+334451,
single-peaked Balmer, He I and occasionally He II emission lines
in and out of eclipses (see, e.g., RW Tri, IX Vel, V347 Pup,
V3885 Sgr, AC Cnc, V363 Aur, BF Eri – Kaitchuck et al. 1983;
Kubiak et al. 1999; Thoroughgood et al. 2004, 2005; Hartley et al.
2005; Neustroev & Zharikov 2008). Moreover, their Doppler maps
and/or trailed spectra also show similarities to those presented in
this paper, which allows us to propose a common behaviour of an
accretion flow in long-period NLs.
In order to explain the presence of single-peaked emission line
profiles in high-inclination CVs, several possible models have been
suggested, such as Stark broadening (Lin et al. 1988), magnetic
accretion (Williams 1989), wind emission (Honeycutt et al. 1986;
Murray & Chiang 1996; Matthews et al. 2015), disc-overflow ac-
cretion (Hellier & Robinson 1994), and an extended bright spot
as the dominant source of emission lines (Dhillon et al. 1997;
Tovmassian et al. 2014).
The first three are related to the WD and/or the innermost
part of the accretion disc. It is naturally expected that a source of
emission lines in those models will demonstrate an orbital motion,
which is related to the position of the WD and which we do not
observe in Balmer lines of RW Sex and 1RXS J064434.5+334451.
In fact, a perpendicular wind in a high-inclination system such as
the latter will produce an emission line with practically zero veloc-
ity. This phenomenon was observed during the super-outburst of
V455And (Tovmassian et al. 2011). The disc during the outburst
becomes optically thick, similar to NLs. Meanwhile, emission lines
are produced in the wind, converting a perfect ring depicting quies-
cent accretion disc into a concentrated spot at the centre of Doppler
maps throughout the super-outburst. In the case of RW Sex and
1RXS J064434.5+334451, we observe quite a different effect -the
higher the inclination angle of the binary plane, the higher the ve-
locity of the ‘wide’ component. Therefore, the matter, emitting the
‘wide’ component, is confined to the orbital plane, but not within
the tidal truncation radius of the accretion disc.
The disc-overflow model predicts that a significant fraction of
the stream can overflow the outer disc edge and hit the far, follow-
ing side of the disc close to its circularization radius (Kunze et al.
2001). Neither the velocity coordinates nor the azimuthal coordi-
nates of the ‘wide’ emission components are consistent with this
prediction. The model of an extended bright spot was developed
to explain unusual properties of the SW Sex stars. In this respect,
we note that Hernández Santisteban et al. (2017) suggested that the
characteristics of 1RXS J064434.5+334451 are consistent with an
SW Sex star. However, although some similarities can indeed be
found, we doubt this classification.
One of the defining properties of SW Sex objects is that in
the eclipsing stars the emission-line radial-velocity curves show
a substantial delay (∼0.2 orbital cycle) with respect to the mo-
tion of the WD. Such a behaviour can be understood by assuming
that the primary source of emission lines in the SW Sex objects is
the hotspot (Tovmassian et al. 2014). However, the contribution of
the hotspot is negligible in both the objects of this study and the
phasing of the radial-velocity curve of 1RXS J064434.5+334451
agrees well with that expected from the eclipses (see fig. 9 in
Hernández Santisteban et al. 2017). Also, the high-velocity (broad)
emission components in both objects show maximum blueshift near
phase 0.25 (Figs. 3 and 7), whereas in the confirmed SW Sex stars
maximum blueshift of high-velocity emission S-waves is observed
near phase ∼0.5 (see e.g. fig. 3 in Dhillon et al. 2013 and fig. 6
in Tovmassian et al. 2014). We believe that these differences are
essential, and thus the suggestion of Hernández Santisteban et al.
(2017) that 1RXS J064434.5+334451 is an SW Sex star is not valid.
Thus, neither of the models described above can explain the
emission structure of RW Sex and 1RXS J064434.5+334451. How-
ever, Bisikalo et al. (1998) pointed out that in high-mass-transfer
rate binaries, the matter can escape the accretion disc and cre-
ate a halo around the disc. According to their three-dimensional
gas-dynamical simulations of accretion flows in a 5.4-h sys-
tem with typical stellar parameters and a mass-transfer rate of
10−8 M⊙/year, an extended low-velocity region (hereafter called
an ‘outflow zone’) is filled with matter pouring from the disc
(Bisikalo et al. 2008; Kononov et al. 2012). This region is located
practically on the opposite side of the disc with respect to the
hotspot (labelled as A and B in fig. 3 in Bisikalo et al. 2008). In the
synthetic Doppler map, the position of the region B corresponds
exactly to the large spot created by the ‘wide’ component of emis-
sion lines (Figs 3 and 7). The material in the outflow zone has a
substantial velocity dispersion and hence does not form a concen-
trated spot. The outflow zone is not totally eclipsed even in a high-
inclination system. Also, the material from this zone comes to form
a circumbinary ring (Bisikalo 2009, 2010), evidence of which was
found in some NLs (including RW Sex) in far-infrared observa-
tions (Hoard et al. 2014). Therefore, we suppose this region (the
zone of outflow) as a possible source of the ‘wide’ component of
the Balmer line profiles in RW Sex and 1RXS J064434.5+334451,
and possibly other long-period NLs. The same region was also re-
cently proposed by Tovmassian et al. (2014) to be responsible for
the appearance of absorption dips in the emission lines of SW Sex
stars around phase 0.4–0.7.
The difference in the appearance of this region in SW Sex
stars, the majority of which are found with orbital periods shorter
than 4 h5, and long-period NLs is intriguing. We believe that the
key is the mass-transfer rate. Indeed, according to standard evolu-
tionary theory, the mass-transfer rate decreases during the CV evo-
lution. Howell et al. (2001) showed, through population synthesis,
that the mass-transfer rate in CVs with orbital periods of 3–4 h is
about 5–10 times lower than in CVs with periods longer than∼6 h.
The immediate consequence is a substantially different tempera-
ture of the accretion disc in the longer and shorter orbital period
systems (see e.g. equation 3). Below, we give our qualitative view
on the observational transformation of NLs during their evolution
from longer to shorter orbital periods.
In long-period systems with a high mass-transfer rate, the disc is
hot, dense and optically thick. The outer edge of the disc reaches
∼
>10 000 K and emits mainly in the continuum, producing broad
absorption lines, like the atmosphere of a B- or A-type star. The
hotspot contributes only modestly to the continuum emission
because its material is dense, optically thick and the difference in
temperatures between the disc edge and the hotspot is relatively
small. The emission lines are primarily formed outside of the
accretion disc, in the outflow zone (‘wide’ component) and on
the surface of the secondary (‘narrow’ component). The objects
5 See D. W. Hoard’s Big List of SW Sextantis Stars (Hoard et al. 2003):
available at http://www.dwhoard.com/biglist.
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observationally resemble RW Sex.
At shorter orbital periods, the mass-transfer rate diminishes and
the temperature at the disc edge also drops below 10 000 K, while
the disc generally remains hot and dense (steady-state regime).
Less matter leaves the disc and the temperature at the outflow zone
is much lower. Hence, the outflow zone ceases to produce emis-
sion lines. Instead, it manifests itself as transient absorption fea-
tures at orbital phases around ∼0.5. The irradiation of the sec-
ondary is probably not sufficient enough to contribute to emission
lines. Meanwhile, the difference in temperatures between the disc
edge and the hotspot increases and the latter becomes the dominant
source of emission. Such an object is observed as an SW Sex star.
6 CONCLUSIONS
With the help of high-resolution spectroscopy, we clearly showed
that the Hα emission-line profiles in the spectra of two long-period
(∼6 h) NL systems, RW Sex and 1RXS J064434.5+334451, have a
complex structure consisting of at least two distinct, variable com-
ponents. These emission components (‘narrow’ and ‘wide’) create
identical structures in the Doppler maps of both objects. We also
found hints of similar emission structures in other long-period NLs.
The source of the narrow, low-velocity component is located on the
surface of the secondary star facing the accretion disc, or near the
L1 point. The other, wide component is probably not related to the
WD or the central parts of the accretion disc but emanates from the
outer side of the disc. We propose that its source is an extended,
low-velocity region in the outskirts of the accretion disc, on the op-
posite side with respect to the hotspot. This naturally explains the
profiles of Balmer emission lines observed in long orbital period
NLs in which both components can hardly be separated in low-
resolution spectra.
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